Abstract-The internal impedance of a battery has been shown to change as a function of state-ofcharge (SOC) and state-of-health (SOH). Therefore, online impedance measurements can provide useful information for SOC-and SOH-estimation algorithms. Broadband injections techniques such as pseudo-random-binarysequence (PRBS) are attractive alternative for replacing conventional electrochemical-impedance-spectroscopy (EIS) which is very slow for online battery impedance measurements. However, non-linearities of batteries have a negative impact on the measurement results obtained by the PRBS for which the identified system is assumed to be linear. This paper demonstrates the use of ternarysequence excitation signal for battery impedance measurements. Appropriately designed ternary-sequence can efficiently capture the linear component of the impedance by canceling out the distortion caused by the non-linear parts. The presented method can be used for rapid impedance measurements and thus, as a valuable tool in online SOC-and SOH-estimation algorithms. Experimental measurements are shown from a Lithium-Iron-Phosphate (LiFePO4) battery cell.
I. INTRODUCTION
The number of applications involving Li-ion batteries has rapidly increased in recent years. Especially the electric vehicles (EV) and energy storages have introduced a need for high power and energy applications involving Li-ion batteries. However, Li-ion batteries are more unstable and unpredictable than other battery chemistries which tightens the requirements for the battery management system (BMS) [1] .
Li-ion batteries are typically characterized by Stateof-Charge (SOC) and State-of-Health (SOH). The SOC indicates the available charge that can be extracted from the battery. The SOH indicates the degradation of the battery and it's capability to meet the requirements in the application. None of these parameters cannot be directly measured. Nevertheless, they can be estimated from other measurable quantities such as battery voltage, temperature, current and cycle life. Moreover, these quantities have non-linear dependency on the SOC and the SOH which complicates their accurate estimation. As the power levels and energy contents of the Li-ion batteries increase, the performance improvement of the BMS will be of great importance in future applications.
[1]- [4] As it was reported in the literature, the internal impedance of the batteries is changing with the SOC and can be used to predict the battery SOH [1] , [2] , [5] - [7] . Therefore, online internal impedance measurements can potentially be used for the SOC and SOH estimation in the BMS. In batteries, the internal impedance is usually determined using the Electrochemical Impedance Spectroscopy (EIS) where the battery is perturbed by sinusoidal excitation at different frequencies [1] , [2] , [6] , [8] . The method is, however, very slow and complex which makes it challenging to be implemented in online battery applications.
Alternative for conventional EIS is the use of broadband signals for the internal impedance online characterization. Particularly Pseudo-Random-Binary-Sequence (PRBS) excitations can significantly reduce the measurement complexity and time required for the measurements [5] , [9] , [10] . However, the highly non-linear behavior of batteries makes the internal impedance measurements with PRBS challenging because the perturbation is intended for identification of linear systems [11] . However, the effect of system non-linearities can be suppressed by designing a three-level ternary-sequence to more efficiently capture the linear part of the battery internal impedance spectrum [11] - [14] .
An online battery internal impedance measurement method using a ternary-sequence excitation is proposed in this paper. The rest of the paper is organized as follows. The internal impedance of the battery and it's dependency on the battery state parameters along with different measurement techniques are discussed in Section II. The non-linear system representation and the design of the ternary-sequence injection are discussed in Section III. The measurement setup and results are presented in Sections IV and V, while conclusions in Section VI.
II. INTERNAL IMPEDANCE OF THE BATTERY
Internal impedance of the battery is a parasitic feature that causes a voltage drop to the battery terminal voltage when current is drawn from the battery. It is also a frequency-dependent quantity which means that the voltage magnitude and phase shift to applied current is varying over different frequencies. The battery internal impedance Z(jω) can be represented in the frequency domain as
where V (jω) and I(jω) are the Fourier-transformed voltage and current of the battery. Fig. 1 shows an example of LiFePO4 battery internal impedance, where the characteristic parts of the internal impedance and the corresponding frequencies have been illustrated. At the simplest case, three regions with different characteristics can be observed depending on the battery SOC, chemistry and temperature. The Ohmic region is realized when the impedance curve crosses the real axis towards higher frequencies. The charge-transfer region is realized by capacitive behavior shaped as a semi-circle. At last, the diffusion effect is realized at very low frequencies as a constant slope. [7] The shape of the internal impedance has been shown to change as a function of SOC and SOH in different frequency regions [1] , [2] , [6] . For example for an LiFePO4 battery cell, the dependency on SOC is taking place at low frequencies while SOH is normally analyzed at around few kilohertz where the impedance imaginary part is zero [1] , [2] . Batteries are widely modeled by an equivalent-circuit-model (ECM) often regarded as Randles' model which is often used in SOC and SOH estimation algorithms [1] , [3] , [4] . Parameters of the ECM can be derived from the data of the complex impedance plot. However, it should be noted that the shape of the internal impedance highly depends on the battery chemistry and temperature. Therefore, online internal impedance measurements from very low to high frequencies with dense resolution could provide valuable information about the present battery state for the BMS.
A. Measurement techniques
The low magnitude of the internal impedance makes it's measurements challenging. The internal impedance of the battery is conventionally analyzed by EIS which is also used for other electrochemical system identification [8] , [15] , [16] . In the EIS measurements, batteries are excited with a sinusoidal current which introduces a change in the terminal voltage from which the impedance is obtained according to (1) . The EIS is, however, very slow because in the method, sinusoids with different frequencies are subsequently injected. This accumulates to a very long total measurement time which is unde- A potential alternative to reduce the complexity of the system and the impedance measurement time is to use broadband signals like PRBS. The applicability of the PRBS for impedance measurements has been studied in [5] , [9] , [10] . The results obtained by the PRBS are, however, affected by the non-linear behavior of the battery and are suffering from poor accuracy. To reduce the effect of the non-linearities, more sophisticated perturbation signal should be used.
III. NON-LINEAR SYSTEM IDENTIFICATION USING EXTERNAL INJECTION
Non-linear systems can be represented by linear part along with even-and odd-order non-linear parts. A principal scheme of such concept is illustrated in Fig.  2 , where x(t) denotes the system input and y(t) is the system output. Along with noise in system's input and output measurements, system's linear and non-linear dynamics are always present. The dynamics of the linear part are often the desired content to be measured from a system, and, therefore, the aim is to suppress the effect of non-linear dynamics [11] - [13] .
A. Ternary-sequence
Ternary-sequences are broadband signals which have three signal levels and similar frequency-and timedomain characteristics as the well-known two-level PRBS perturbation signals [11] . However, the ternarity of the signal allows to design the sequence in a way that even-order and some odd-order harmonics can be suppressed in the sequence frequency spectrum. Ternarysequences also exists for greater number of possible signal lengths than PRBS which gives more freedom to design the practical implementation. In this paper, a ternary-sequence with suppressed even-order harmonics is applied. The synthesis of such and other types of ternary sequences are documented in [12] , [13] .
The ternary-sequence and PRBS are compared in Figs. 3 and 4 in time-and frequency-domain with signal lengths of 1023 for the PRBS and 1018 for the ternarysequence. Cancellation of even-order harmonics is illustrated in Fig. 4 where the ternary-sequence has zero power at even-order harmonic components. The non-zero components are strengthened to have twice the power compared to the PRBS. This feature allows the ternarysequence to be designed with lower amplitude which is often a crucial limitation in real applications.
B. Perturbation design
The applied perturbation should have a bandwidth high enough to capture the beginning of the ohmic region of the impedance shown in Fig. 1 . The highest frequency to be measured is theoretically determined by the generation frequency f gen of the injection. Due to the decreasing power of the high frequency components, the bandwidth is restricted to approximately half of the f gen in reality. The lowest frequency, that is, the frequency resolution f res , is determined by the f gen and the length of the sequence N by the relation
which should be low enough to reliably capture the diffusion part. Due to the interest in low-and high frequency response of the internal impedance, very large N is required because the frequency points are linearly distributed between f res and f gen . This increases the amount of data to be stored for frequency response analysis. The amount of data can be reduced by using separate injections with different f res excited subsequently as is done in [10] . Besides f res and f gen , another important parameter is the sampling frequency f s which should be high enough to reduce the effect of sampling delay in the measurements. The low magnitude of the battery internal impedance requires a relatively high amplitude for the injection to provide appropriate signal-to-noise-ratio (SNR). However, the amplitude should be small enough to keep the battery SOC at steady-state. A decent design guide for the selection of the amplitude is to compare the amplitude to the C-rate of the battery and not let the amplitude exceed the current of 1C.
C. Data smoothing with MAF
The measured data can be smoothened by movingaverage-filter (MAF) to reduce to measurement time. Wider window in MAF smoothenes the deviation in the data more efficiently but introduces a greater delay to the smoothened data which is a half the length of the window in samples [17] . For battery impedance data smoothing, the MAF delay slightly distorts the low-frequency data. However, the high and medium frequencies are smoothened accurately.
IV. EXPERIMENTS
The experiments were carried out for lithium-ironphosphate (LiFePO4) battery cell with nominal voltage of 3.3V and capacity of 2.3Ah at 35
• C. To provide a reliable reference, the measurements were also carried out with EIS analyzer. The measurement scheme is shown in Fig. 5 and the actual measurement setup is shown in Fig. 6 . The ternary-sequence and the PRBS are given as a reference for the bi-directional power supply to charge and discharge the battery. Discrete fourier-transform is applied to compute the impedance spectrum from the currentand voltage measurements. The SOC was monitored by Coulomb counting method [1] to illustrate the change in battery internal impedance within one discharge cycle. The battery impedance was measured with the PRBS and ternary sequence techniques at SOCs between 90% and 10%, considering 10% SOC resolution. In order to reach each desired SOC, the battery was discharged with a current of 1C. Then the battery was left to a rest at open-circuit for 30 minutes to reach the equilibrium potential before the next measurement sweep. The measurements were carried out in stand-by mode meaning that the battery was both charged and discharged during the measurements. This was due to the limitations of carrying out measurements during charge/discharge with the EIS analyzer.
For the measurements applied in this paper, the generation frequency f gen was set to 7 kHz for both the ternary and PRBS injections, providing impedance measurements up to 3.5 kHz. The signal lengths of 32762 for the ternary-sequence and 32767 for the PRBS were chosen to keep the signals as similar as possible. According to (2) , this yields to frequency resolution of ≈ 220mHz which is low enough to capture the diffusion part of the internal impedance for the used battery cell. The amplitudes for both PRBS and ternarysequence was selected as 1.15A which corresponds to C-rate of 0.5C. A MAF with a window length of 30 datapoints was applied to the measurement results. The ternary-sequence was generated by using prs MATLABsoftware provided in [12] . The parameters for the PRBS, ternary-sequence and EIS are all shown in Table I .
V. RESULTS
The impedance measurement results from a LiFePO4 battery cell are shown in Figs. 8 -12 . By comparing the results obtained by the ternary-sequence and the PRBS to the EIS reference measurements in Figs. 9 -12 , the superiority of the ternary-sequence over the PRBS can be well concluded. The impedance plot of the PRBS is slightly shifted to the right which means that it is experiencing additional resistance which is not present in the results produced by the ternary-sequence. The distorted results of the PRBS are even more visible in the frequency-domain which is illustrated in Fig. 7 at 40% of SOC. From 10Hz down to lower frequencies, the results produced by the PRBS are experiencing significant phase shift and also increased magnitude. This is most likely caused by the non-linear effects in the battery internal impedance. The effect of increased amplitude in the ternary-sequence harmonic components can be seen in Fig. 8 where both ternary-sequence and PRBS are shown before the MAF is applied. The results obtained by It can be seen that the results obtained by the ternary sequence are matching quite well to the EIS at every SOC value. Especially the high-frequency response in the ohmic region, and partly in the charge-transfer region, is captured very reliably. This includes also the zero-imaginary point in the battery impedance. Therefore, the ternary-sequence could be used reliably to SOH estimation in the BMS. The impedance spectrum corresponding to the charge-transfer region towards the diffusion region, is slightly different from the reference impedance spectrum obtained by EIS. The delay introduced by the MAF is considered to have a small impact in the diffusion region. However, the differences are most likely to be caused by the measurement setup. The setup and measurement circuit in EIS analyzer is expected to be slightly different than the implemented setup. Due to the low magnitude of the internal impedance, even very small parasitic impedance in the measurement circuit are affecting the results. In order to make more relevant comparison, the EIS measurements should have been carried out with the implemented ternary-sequence setup. This, however, is challenging to implement using the existing hardware and is considered as a topic for further research. For batteries with higher internal impedance, the ternary-sequence is expected to have higher performance due to the reduced effect of the setup parasitic impedance.
Compared to the EIS measurements, the measurement time using the ternary-sequence and PRBS for each sweep was significantly faster. Each sweep took 4.8 seconds while a sweep with the EIS took over 20 minutes. In reality, the difference is smaller because the EIS measurements were carried out with three averaged periods while only one was used for the PRBS and ternary-sequence.
VI. CONCLUSIONS
This paper demonstrated an online identification technique for accurate and rapid measurement of the internal impedance of a battery. A ternary-sequence injection was applied, and the internal impedance was measured for a LiFePO4 battery cell. The results were compared to results obtained by a conventional PRBS and also to reference data obtained by an EIS analyzer. Practical measurements showed that the ternary-sequence good resiliency to non-linear effects of the battery makes the measurement results more accurate compared to the conventional PRBS. The ternary-sequence also matches well to the reference results produced by the EIS while the measurement time is significantly reduced. Considering also the low complexity of the ternary-sequence, the presented method is well suited for the SOC and SOH estimation in online applications of battery management systems.
